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Fig. 5. The left tibia. A 9. B. K. B. Berkovitz and B.J. Moxham, Color Atlas of the 
typical example of a Skull (Mosby-Wolfe, London, 1989). 

Long bone from the 
male skeleton: nearly 
intact, with minimal 
warping and a step 
transverse fracture, 
which are are all evi- 
dence of a dry bone 
cremation consistent with the taphonomic history of Arrhidaeus. Note that the step fracture in the 
distal part of the tibia extends from the end of the longitudinal crack across the shaft of the bone. 
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5 ) .  The is (I1), 
and light brown is the dominant color of the 
bones. Only the left proximal ulna presents 
some curved transverse fractures, probably 
the result of insufficient decomposition in 
this area. The right ulna is nea;ly perfect, 
with a longitudinal crack. This type of pres- 
ervation of the male skeleton shows that 
most of the bones were dry when cremated; 
that is. thev were buried for some time , < 

before they were cremated. This is consis- 
tent with the taphonomic history of inhu- 
mation, cremation, and reinterment that 
only the bones of Arrhidaeus underwent, as 
already mentioned. Nevertheless, Mus-
grave reported that the bones appear suffi- 
ciently warped to have been burned fleshed 
( I I ) ,  although he accepts the near-com-
pleteness and the huge size of many bones 
(6), the lack of transverse breaks, and the 
slight warping of many bones (6), despite 
his own experiments in a kiln with a dry 
radius that showed no transverse cracking 
(13). To explain the good preservation of 
these bones, he suggested a different cre- 
mation technique (13): burning in a brick 
box constructed around the body (6). But 
of course the real reason for the good pres- 
ervation is the conspicuous lack of trans- 
verse cracks in many of the bones. 

King Philip I1 suffered severe injuries, 
but there is no skeletal evidence whatsoev- 
er of any injuries to the male occupant of 
Royal Tomb I1 at Vergina, especially in the 
orbital bones. The reported facial injuries 
and asymmetries are mainly the result of 
cremation and poor reconstruction of the 
skull; there is thus strong anthropological 
evidence against a Philip I1 identification. 
The skeletal evidence that shows a dry bone 
cremation leaves no room for doubt that 
Royal Tomb I1 belongs to Philip I11 Arrhi- 
daeus. This is consistent with the archaeo- 
logical evidence that points to a later date 
(2, 3) for Royal Tomb 11. In this case, some 
of the artefacts of Royal Tomb I1 may 
belong to Alexander the Great (2), which 
Philip I11 Arrhidaeus inherited from his 
half-brother Alexander in Babylon and 
brought back to Macedonia (2), where he 
was buried with them as the last king of the 
Argeads. 
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Emergence of Genetic Instability 
in Children Treated for Leukemia 

T cells f rom patients who had received chemotherapy for B-lineage acute 
lymphocytic leukemia were studied t o  determine whether genetic insta- 
bil ity, a principal characteristic of cancer cells, can also occur i n  nonma- 
lignant cells. Consistent w i th  expectations for a genetic instabil ity pheno- 
type, multiple mutations were detected i n  the hypoxanthine-guanine phos- 
phoribosyltransferase (HPRT) reporter gene in  independently isolated mu- 
tant  T cells expressing identical rearranged T cell receptor P (TCRP) gene 
hypervariable regions. These results indicate that  cancer treatment can lead 
to-genetic instability i n  nonmalignant cells in  some individuals. They also 
suggest a mechanistic paradigm for the induction of second malignancies 
and-drug resistance. 

Carcinogenesis is a multistep process in 
which somatic cells acquire a series of stable 
genetic mutations in a specific clonal lineage. 
How multiple mutations accumulate in the 
same cell over a clinically relevant time pe- 
riod remains unclear, because individual spon- 
taneous mutations (-1 X lop5 to 1 X lop7 
mutation per cell division) occur at low rates in 
vivo. One hypothesis states that genetic insta- 
bility develops early to produce an increased 

rate of mutations in a distinct clone (1, 2); 
another postulates that multiple mutations sim- 
ply accumulate as a consequence of extensive 
clonal proliferation (3). In either case, genetic 
instability likely involves cellular changes that 
affect the expression andlor function of cell 
cycle (4-6), cell death (7), and DNA repair 
pathways (8).These cellular changes have been 
presumed to be unique to premalignant or 
frankly malignant cells. The purpose of this 
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study was to investigate whether genetic insta
bility can also occur in nonmalignant cells from 
patients who have received chemotherapy for 
B-lineage acute lymphocytic leukemia (ALL). 
We addressed this by characterizing mutations 
in the hypoxanthine-guanine phosphoribosyl-
transferase (HPRT) gene in T cells. 

We studied 103 patients with ALL: 19 at 
initial diagnosis before chemotherapy, 32 
in complete remission, and 58 at the time of 
relapse before retreatment (9). Treatments 
included methotrexate, prednisone, and 
long-term use of purine analogs such as 6-
thioguanine and 6-mercaptopurine, which 
positively select in vivo for cells deficient 
in HPRT activity. Two patients also re
ceived cyclophosphamide. 

T cell mutant frequencies (Mfs) were de
termined by the HPRT cloning assay (10) 
(Table 1). Mfs for the 19 patients studied at 
diagnosis (1 to 18 years of age) ranged from 
0.2 to 3.4 X 10"6 with a mean of 1.23 X 
10~6, values that are not statistically different 
from controls (11). Mfs for patients in remis
sion (4 to 37 years of age) ranged from 3.3 to 
4304 X 10~6 with a mean of 331 X 10~6, 
whereas those for patients at relapse (2 to 21 
years of age) ranged from 1 to 4941 X 10~6, 
with a mean of 303 X 10~6. These Mf values 
are significantly elevated compared with con
trols and ALL patients before treatment (P < 
0.001) (Table 1) (12). Ten of 32 patients in 
remission (31%), and 14 of 58 patients at 
relapse (24%), had Mfs that were >30-fold 
higher than age-matched controls. These are 
presented graphically in Fig. 1 and confirm 
earlier observations of elevated HPRT Mfs in 
patients treated for ALL (13, 14). 

Genetic instability, manifest as multiple 
mutations in clonal lineages, is most likely to 
be found in patients with grossly elevated 
Mfs. Therefore, using previously described 
methods (15-19), we characterized 182 HPRT 
mutant isolates recovered from 15 of the 24 
patients with extremely elevated Mfs (7 of 10 
patients in remission and 8 of 14 in relapse). 
Assigning HPRT mutations to specific T cell 
clones took advantage of the diversity of 
TCRp CDR3 gene rearrangements as unam
biguous molecular signatures of in vivo T cell 
clonality (20-22). Mutant isolates from 4 of 
these 15 patients showed multiple HPR T mu
tational events in the same allele/molecule 
(23). 

Molecular analysis of 21 independently 
isolated mutants from subject CS 44 (sam
ples Bl and B2) revealed that two unique 
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HPRT mutations occurred in vivo before 
TCR gene rearrangement because they ap
peared in two or more distinct TCR gene-
defined clones. The T29/30 deletion was 
found in three mutant clones designated by 
their CDR3 amino acid sequence as 
DSASG, VVSGRAPGG, and a third that 
was not characterized, whereas the 
IVS6+2insT mutation was found in two 
mutant clones, LSPGLA and ILGQ (Table 
2) (23, 24). Clone VVSGRAPGG, marked 
by the T29/30 deletion, acquired an addition
al HPRT G168 -> T base substitution, and 
clone LSPGLA, marked by the IVS6+2insT 
mutation, acquired an additional exon 6 de
letion. Two additional TCR gene-defined 
clones in this subject also had evidence of 
multiple HPR T mutational events arising in a 
single allele/molecule. One mutant isolate 
from clone AVAGAH acquired a presumed 
deletion of exon 5 and a G508 —> A base 
substitution, and one mutant from clone 

RGTSR acquired an IVS6+7A -> T base 
substitution and a 38-base-pair (bp) insertion 
in exon 5 (23). Although it is not possible to 
specify the temporal order of the mutations in 
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Fig. 1. Frequency of HPRT mutations (InMf X 
10~6) in children with ALL at diagnosis, remis
sion, and at relapse compared with normal 
controls. Shaded region represents group mean 
for age-matched controls (0 to 21 years of age). 

Table 1. T cell cloning efficiencies (CE) and HPRT Mfs in children with ALL. 

Subjects 

Normal 
Diagnosis 
Remission 
Relapse 

Statistical 

Normal vs 
Normal vs 
Normal vs 

Age (years) 
n 

Range Mean 

49 0.08-17 
19 1-18 
32 4-37 
58 2-21 

7 
5 

15 
10 

comparison of In Mf§ 

diagnosis 
remission 
relapse 

Diagnosis vs. remission 
Diagnosis > 

Remission 

/s. relapse 

vs. relapse 

Months since CE 
initial diagnosis* (mean) 

0 
30-322 

5-110 

0.35 
0.38 
0.24 
0.27 

P valued 

0.073 
<0.001 
<0.001 

<0.001 
<0.001 

0.220 

Mf | 

Range 

0.2-9.0 
0.2-3.4 
3.3-4304 
1.0-4941 

Mean 

2.3 
1.2 
331 
303 

In Mf 
(mean) 

0.40 
-0 .06 

4.02 
3.49 

Fold 
increase! 

< 1 - 3 
<1 -812 
<1-1335 

*Range of months from initial diagnosis. tMf values x 10 -6. ^Calculated as (Mf x 10-6)/(mean Mf x 10~6) of 
age-matched controls: 0-5 years (1.4 X 1CT6), 6-11 years (3.5 X ICT6), 12-16 years (3.7 X 1CT6), >18 years (5.3 
x 10-6). §For the statistical analysis, six patients in remission were excluded because they were also studied at the 
time of diagnosis. When these six subjects are compared with each other, the same statistically significant relationships 
exist. ^P values not adjusted for multiple comparison. Values remain significant for a P value < 0.05 using a 
Bonferroni adjusted Mann-Whitney test for pairwise comparisons. 

Table 2. Evidence for genetic instability in T cell clones from children treated for ALL. 

Subject/sample 

CS 44 Bl 

CS 44 B2 

CS 143 B1 

CS 143 B2 

CS 63 Bl 

CS 183 Bl 

TCRP CDR3* 
defined clone 

VVSGRAPGG 
LSPGLA 
AVAGAH 
RGTSR 

LSPGLA 

YVVGGA 

YVVGGA 

YQARTGY 

STNSQ 

Mutation 1 

d e l T29/30 

IVS6+2 insT 
exclusion exon 
IVS6+7A->T 

IVS6+2 insTf 

del429-475 

del429-475 
C508 _> J 

C508 _> J 

G190 -> C | 

5t 

HPRT mutation 

Mutation 2 

G168 - > T 
del exon 6J 
G509 -> A 
38-bp ins@382 exon 5 

del exon 6$ 

G292 -> A 

G 5 2 - > A 

A 3 1 - > G 
exclusion 2 -6 

del389-400 

Mutation 3 

del exons 2-6J 

*T cell clones are defined by the TCRfi gene rearranged junctional amino acid sequences that represent the hypervariable 
CDR3 region. tSequential order of mutations cannot be determined. ^Genomic analysis of these mutant isolates 
revealed no splice-site or exon mutations and as a result are designated as presumed deletions because they are from 
female subjects. 
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the last two examples, their physical distance 
from each other argues against single com- 
plex events. Figure 2 depicts the proposed 
mutational sequence associated with the T 
cell clonal lineages found in subject CS 44. 

Multiple HPRT mutations were also found 
in TCR genedefined clones from samples B 1 
and B2 from subject CS 143 (23) (Table 2). In 
each sample, a 46-bp HPRT deletion (del429- 
475) was found in clone YWGGA. In this 
subclone, now defined by HPRT del429-475, 
two additional HPRT mutations were recov- 
ered, a G292 + A transition (sample B1) and 
a GS2 + A 'transition (sample B2). Recovery 
of an additional mutant isolate from the 
W V G G A  subclone with a presumed dele- 
tion of exons 2 to 6 that obliterated all pre- 
vious HPRTmutations suggests a third HPRT 
mutational event in this clonal lineage. 
Clonally restricted multiple HPRT mutations 
are also found in relapse patients CS 63 and 
183 (Table 2) (23). In the former, a C508 + T 
mutation was found in isolates of clone 
YQARTGY, each marked by a different and 
later HPRT mutational event. In patient CS 
183, clone STNSQ acquired two independent 
HPRT mutations in the same allele/molecule, 

a G190 + C and an 1 1-bp deletion (Table 2) 
(23). The temporal sequence of these events 
cannot be determined. 

Therefore, our data show that nonmalignant 
T cell clones from 4 of the 15 children with 
tremendous elevations of HPRT Mfs acquired 
multiple mutations in the same allele/molecule. 
Multiple HPRT mutations in TCR gene-de- 
fined clones were not observed in subjects be- 
fore chemotherapy or in controls. This suggests 
that clonally restricted genetic instability can 
develop after chemotherapy. The number of 
cell generations required to produce multiple 
mutations (n) in a single allele/molecule is the 
spontaneous mutation rate raised by the power 
of n. Given a spontaneous mutation rate of 

to per cell generation, about 101° to 
lo2' cell would be required to ac- 
cumulate two or three mutations in the same 
allelelmolecule as found in the TCR g e n e  
defined clones from these ~atients. Such muta- 
tional events would not occur in a clinically 
relevant time frame even if the mutation rate 
were increased by an order of magnitude be- 
cause of genotoxic chemotherapy (25). The ac- 
cumulation of multiple in vivo HPRTmutations 
in a T cell clone as a consequence of extensive 
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Fig. 2. Clonal lineages of HPRT mutant isolates from subject CS 44 demonstrating acquisition of 
clonally restricted multiple HPRT mutations. Mutant isolates were recovered at two different times 
within 1 year both during (CS 44  B1) and after (CS 44 84) chemotherapy. Open circles represent 
undifferentiatedlprethymic T cells; filled circles represent differentiatedlpostthymic T cells. HPRT 
mutations in brackets represent predicted but unrecovered mutant isolates. Shaded regions 
indicate T cell clones demonstrating multiple HPRT mutations in the same allele/molecule. 

clonal expansion after chemotherapy cannot ex- 
plain these observations. Although this scenario 
would result in multiple unique single muta- 
tions in a TCR genedefined clone. it would - 
not produce multiple mutations in a single al- 
lele/molecule. Indeed, in one of our patients we 
detected 10 different single mutational events in 
13 independently isolated mutants from a TCR 
genedefined clone in which each mutant iso- 
late had only a single HPRT mutation. 

We postulate that the pattern of mutations 
observed in our patients reflects in vivo evo- 
lution of genetic instability, leading to muta- 
tor phenotypes previously suggested for ma- 
lignant transformation (1, 2). Multiple muta- 
tions in the p53 gene in tumor cells have been 
interpreted as evidence of genetic instability 
(26,27). In this case, the p53 mutations were 
thought to provide a selective advantage. 
However, because established tumors contain 
a multitude of genetic changes, the primacy 
of the observed genetic instability cannot be 
determined. 

In our study, the T cells were from pa- 
tients exposed to multiple courses of chemo- 
therapy leading to repetitive cycles of cell 
death followed by restorative proliferation. 
Such cellular responses to cytotoxic/muta- 
genic exposures in vivo may select for genet- 
ic instability analogous to that found in pro- 
karyotic (28, 29) and eukaryotic cells (30) in 
vitro that have been sequentially exposed to 
genotoxic challenges. The presence of purine 
analogs in ALL treatment regimens ensures 
that HPRT reporter mutants are selected, 
making these mutations unique probes for 
highly mutable cells. 

Although we show that genetic instability 
does not inevitably lead to cancer, it may play 
a role in the induction of second malianancies - 
and drug resistance. Analysis of nonmalig- 
nant cells with this tumoriaenic characteristic - 
but without the multiple changes found in 
cancer cells may prove useful for elucidating 
the cellular and genetic events associated 
with malignant transformation. 
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Homologs of Small Nucleolar 

RNAs in Archaea 


Arina D. Omer,' Todd M. Lowe:* Anthony G. Russell,' 

Holger Ebhardt,' Sean R. Eddy,' Patrick P. ~ennis ' t  


In eukaryotes, dozens of posttranscriptional modifications are directed to specific 
nucleotides in ribosomal RNAs (rRNAs) by small nucleolar RNAs (snoRNAs). W e  
identified homologs of snoRNA genes in both branches of the Archaea. Eighteen 
small sno-like RNAs (sRNAs) were cloned from the archaeon Sulfolobus acidocal- 
darius by coimmunoprecipitation with archaeal fibrillarin and NOP56, the ho- 
mologs of eukaryotic snoRNA-associated proteins. W e  trained a probabilistic 
model on these sRNAs to search for more sRNAs in archaeal genomic sequences. 
Over 200 additional sRNAs were identified in seven archaeal genomes represent- 
ing both the Crenarchaeota and the Euryarchaeota. snoRNA-based rRNA processing 
was therefore probably present in the last common ancestor of Archaea and 
Eukarya, predating the evolution of a morphologically distinct nucleolus. 

Ribosome biogenesis in Eukarya occurs in snoRNA-targeted ribose methylation has 
the nucleolus. Several nucleolar proteins been well established. Each snoRNA con-
(NOPs), including fibrillarin, Nop56, and tains a 9- to 21-nucleotide (nt)-long se-
Nop58, and dozens of snoRNAs are involved quence, located 5' to the D or D' box motif, 
in this process (1).The snoRNAs fall into two that is complementary to an rRNA target 
major classes: C/D box and HIACA box sequence. Methylation is directed to the 
RNAs. The CID box snoRNAs are efficiently rRNA nucleotide that participates in the base 
precipitated with antibodies against fibrilla- pair 5 nt upstream from the start of the D or 
rin. Most CID box snoRNAs target specific D' box. It is likely that most, if not all, 
ribose methylations within rRNA, whereas eukaryotic rRNA ribose methylations are 
most H/ACA box RNAs target specific con- guided by snoRNAs. In the yeast Saccharo-
versions of uridine to pseudouridine within myces cerevisiae, methylation guide snoRNAs 
rRNA (2). have been assigned to all but four of the 55 

The general mechanism of CID box rRNA ribose methylation sites (3). 
SnoRNAs, which are apparently ubiqui- 
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fibrillarin and NOP56158 (5, 6) .On the basis 
of these observations, we decided to examine 
Archaea for the presence of sno-like RNAs 
(sRNAs). 

To isolate sRNAs from the archaeon 
Sulfolobus acidocaldarius (Sac),  we cloned 
the S. acidocaldarius homologs of the eu- 
karyotic fibrillarin and NOP56158 proteins, 
designated aFIB and aNOP56, using se-
quence information from a related species, 
S. solfataricus ( 7 ) .The cloned were 
expressed in Escherichia coli, and the re- 
combinant proteins were purified and used 
to raise polyclonal antibodies in rabbits. 
The two antibody preparations were each 
highly specific and recognize single 
polypeptides of the predicted size in total S. 
acidocaldarius cell extracts (Fig. 1A). The 
antibodies were used to monitor the size 
distribution of particles containing aFIB 
and aNOP56 in a glycerol gradient fraction- 
ation of partially purified cell lysate (Fig. 
1A) (8) .  Both aFIB and aNOP56 sedi-
mented as a large heterogeneous complex. 

To detect RNAs that associate with 
aFIB- and aNOP56-containing complexes, 
we immunoprecipitated aliquots from gra- 
dient fractions with either antibody to aFIB 
or antibody to aNOP56. Total RNA was 
extracted with phenol from the superna- 
tants and the pellets, and a portion from 
each was 3'  end-labeled with '2P-cytidine- 
5',3'-bis-phosphate (pCp) and displayed by 
denaturing polyacrylamide gel electro-
phoresis (Fig. 1, B and C). he most abun- 
dant RNAs that were coimmunoprecipi-
tated appear as a family of bands ranging in 
length-from about 50- to 70 nt. his size 
class of RNAs, which is substantially short- 
er than eukarvotic CID box snoRNAs, was 
invisible when total cellular RNA was la- 
beled with pCp. To obtain cDNA clones, 
we gel-purified the RNAs precipitated from 
fraction 5 with antibody to aFIB and from 
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